Colorectal cancer is an important public health problem in the western world. Although some progress has been made in the prevention and management of this disease, colon cancer still remains one of the most common types of epithelial malignancies in both genders and is essentially incurable when it reaches the most advanced stages. Given the substantial morbidity and mortality associated with colorectal malignancies and their treatment, cancer prevention in its many forms emerges as a very attractive approach. Colorectal cancer chemoprevention refers to the administration of natural or synthetic compounds to block, reverse, delay or prevent the development of invasive large bowel neoplasms. The ultimate goal of implementing a chemopreventive intervention in the general, or alternatively, in an at-risk population is to decrease the incidence rate of the specific cancer being targeted. This article reviews the present status of colorectal cancer chemoprevention. Current insights into the molecular and genetic models of human colorectal carcinogenesis, preclinical models for efficacy testing as well as into promising biomarkers for colorectal chemoprevention are provided. The developmental status of many promising agents is also discussed emphasizing the epidemiological evidence, preclinical information substantiating an anticarcinogenic effect, their postulated mechanism of action and the status of human clinical development. Our perspective of the future prospects in this scientific area is also provided and has been predicated primarily on the firm belief that the proper integration of advances in the biology of colon carcinogenesis, experimental therapeutics and clinical trial methodology will be critical for the success of this promising field.
I. Introduction
Colorectal cancer is an important public health problem in the western world. Although some progress has been made in the prevention and management of this disease, colon cancer still remains one of the most common types of epithelial malignancies in both genders and is essentially incurable when it reaches the most advanced stages [1] . Given the substantial morbidity and mortality associated with colorectal malignancies and their treatment, cancer prevention in its many forms emerges as a very attractive approach. Colorectal cancer may be prevented at different levels. Primary prevention leverages the knowledge and manipulation of risk factors that may be central to the initiation or development of the carcinogenic process in the large bowel epithelium. Operationally, it is usually conceptualized as the avoidance of hazardous environmental carcinogens [2] . Secondary prevention refers to the early identification and intervention in the transformation process in individual subjects prior to the actual transforming event [3] . Despite the attractiveness of a primary preventive approach, population based preventive approaches pose substantial challenges. Environmental risk factors for colorectal cancer remain poorly defined. Even if well understood, they may be so prevalent in the environment that their avoidance may not be feasible. As the carcinogenic process is likely the product of gene-environmental interactions, the environment is not the only variable of interest. Our current inability to manipulate the genetics of cancer risk substantially limits our ability to implement primary prevention at its highest level. A promising clinical interventive strategy is that of cancer chemoprevention [4] .
Chemoprevention refers to the administration of natural or synthetic compounds to block, reverse, delay or prevent the development of invasive neoplasms. The ultimate goal of implementing a chemopreventive intervention in the general or alternatively in an at-risk population is to slow the onset of cancer or to decrease the incidence rate of the specific cancer being targeted [4] .
Although chemoprevention is a relatively new clinical field, a substantial number of risk-reduction studies have been completed to date, with mixed results [5] . Most of these studies were conceptualized when epidemiological, preclinical (in vitro and chemical carcinogenesis), serum and tissue bank data existed only in very preliminary form. The unexpected results seen with two of the major micronutrient cancer prevention studies, the ATBC and CARET trials, underscore the importance of having a systematic process in place for the rational selection of the most promising agents to be tested in definitive risk-reduction clinical trials [6, 7] . This process should include small-scale biomarker driven human clinical studies.
This article reviews the current status of colorectal cancer chemoprevention. Current insights into the molecular and genetic models of human colorectal carcinogenesis, preclinical models for efficacy testing as well as into promising biomarkers for colorectal chemoprevention are provided. The developmental status of many promising agents is also discussed emphasizing the epidemiological evidence, preclinical information substantiating an anticarcinogenic effect, their postulated mechanism of action and the status of human clinical development. Our perspective of the future prospects in this scientific area is also provided and has been predicated primarily on the firm belief that the proper integration of advances in the biology of colon carcinogenesis, experimental therapeutics and clinical trial methodology will be critical for the success of this promising field.
II. Molecular basis of colorectal cancer chemoprevention
Molecular genetics and biology have enhanced our understanding of the developmental processes that are involved in the genesis of colorectal neoplasms including 'sporadic' colorectal malignancies as well as those associated with inherited colon cancer syndromes. The opposite is also true in that the elucidation of hereditary genetic error provides us with a unique opportunity to improve our understanding of the carcinogenesis process. By defining the germ-line mutations associated with early transformation, we learn many of the events and pathways that are mutated, methylated, over or underexpressed in the carcinogenesis process in sporadic neoplasms. With a more detailed understanding of the molecular biological processes (both genetic and epigenetic) that are involved in colorectal cancer genesis, molecular genetic models of human carcinogenesis have emerged which provide a scientific framework that serves as the platform for further scientific inquiry in the field of chemoprevention.
Fearon and Vogelstein proposed a genetic model where colon cancer was depicted as a process that developed through the acquisition of a number of successive genetic changes in an orderly fashion. A number of histopathological changes would then occur in the colorectal epithelium as a phenotypic expression of these genetic abnormalities [8] . Once mechanistically understood, some of these events may become legitimate and feasible targets in the search for new chemopreventive agents. In addition, they may serve as useful markers of efficacy (surrogate endpoint biomarkers (SEB)) or of risk for selection of suitable human cohorts for clinical testing (high-risk populations). Fearon and Vogelstein's model is predicated on the notion that colorectal tumors occur as a consequence of mutational activation of oncogenes paired with mutational inactivation of tumor-suppressor genes. These mutations occur in the background of evolving chromosomal instability. Multiple mutations are to be required for the development of malignant tumors whereas fewer changes were necessary for premalignant lesions (adenomas) to occur. They also postulated that the total accumulation of changes was probably more important than the sequence in which they occurred [8] .
A number of key biochemical events associated with colorectal carcinogenesis are presented here. This is not meant to be an exhaustive list, but a brief summary of the pivotal cellular changes associated with colorectal carcinogenesis known to date. These events might be overlapping, associated with different mutations or methylation sites.
Adenomatous polyposis coli silencing. In the process of sporadic colon carcinogenesis, the adenomatous polyposis coli (APC) gene must be silenced [9] . APC mutations occur in over 60-80% of adenomas and sporadic carcinomas, and have been identified as the germline genetic abnormality underlying the development of familial adenomatous polyposis [10, 11] . In the remaining 20-40% of sporadic colon cancers, the APC gene is silenced by methylations of promoter sequences [12, 13] . The APC gene encodes for a 310 kDa protein which phosphorylates cellular β-catenin. The phosphorylation reaction marks β-catenin to ubiquinitation. Without this step, β-catenin accumulates in the cell and transduces key cellular growth and proliferation genes, including cyclin D and c-myc [14] [15] [16] [17] .
Cyclooxygenase-2 overexpression. The cyclooxygenases (prostaglandin H synthase) (EC 1.14.99.1), are two enzymes (Cox-1, Cox-2) that catalyze both oxidative and reductive reactions in the prostaglandin synthesis pathway [18] [19] [20] . Cox-1, a constitutive protein contains a 17 amino acid sequence that is not present in the inducible Cox-2 protein. Cox-2, an inducible protein, contains an 18 amino acid sequence near its carboxyl terminus that is not present in Cox-1. Cox-2 is induced by a wide range of mitogens, tumor promotors and cytokines [21] . The Cox-2 5 regulatory sequence contains SP-1, NFκB, NF-IL6, AP-1, AP-2 sites, a serum response element, a cis-acting element confirming responsiveness to gonadotropic hormones, and an ATF/CRE site [21] .
In normal human colon, Cox-1 is detectable by Western blot in all human subjects assessed [22, 23] whereas Cox-2 appears to be variably present [22] [23] [24] Cox-2 gene expression is increased in human colon carcinomas when compared to normal mucosa while not detecting upregulation of Cox-1 [25] . Cox-2 expression is enhanced in cancers. Cox-2 is detected in cancer cells, inflammatory mononuclear cells, vascular endothelial cells and fibroblasts. Poorly differentiated tumors stain irregularly while well or moderately differentiated tumors stain more diffusely [22] .
It is reasonable to postulate that increased Cox-2 expression plays a major role in overexpression of prostaglandins in malignant tissues from other anatomic sites. Both viral (v-Src) and oncogene (Ras) transformed mammary epithelial cells contain increased Cox-2 mRNA and protein compared to parental cells [26] . These data suggest that Cox-2 expression changes over the carcinogenesis process with early high expression and then reduced expression during or after transformation.
Genetic and phenotypic evidence suggests that Cox-2 overexpression is related to neoplastic transformation [27] [28] [29] . After transfection of a Cox-2 expression vector rat intestinal epithelial cells demonstrate increased adherence to matrigel extracellular matrix, blockade of apoptosis induced by butyrate, increased bcl-2 expression, loss of E-cadherin protein, and reduction of TGFβ2 receptors [30] . Apoptosis is blocked by Cox-2 expression [13] . That Cox-2 is expressed in noncolonic pretransformed and transformed cells suggests a more global role for Cox-2 in the carcinogenesis process.
Ras. Mutations of the ras oncogene have been well documented in colorectal cancer patients at the early and intermediate adenoma stages [8] . The farnesylation of Ras is critical for the appropriate localization of this protein in the cell membrane, a step that is essential for it to exert its function. A number of targeted approaches are being developed in an attempt to modulate the ras-signaling pathway. These include natural agents such as d-limonene and perillyl alcohol as well as targeted approaches to prevent the farnesylation of the Ras protein by the inhibition of the enzyme farnesyl-transferase.
Deleted in colon cancer. Another frequent genetic abnormality in colorectal cancer formation is the loss of 18q21. This chromosomal abnormality is usually seen at the later stages of adenoma formation. Two putative tumor-suppressor genes have been mapped to this region. Deleted in colorectal carcinogenesis (DCC) gene deletions are present in over 70% of colon carcinomas [31, 32] . However, its function as a possible tumor-suppressor gene remains controversial.
Microsatellite instability. Late molecular events include abnormalities of 17p associated with loss of p53 function and other mutational events that result in enhanced genomic instability associated with a replication error positive (RER+) phenotype. Microsatellite instability (MSI) is the hallmark of hereditary nonpolyposis colorectal cancer syndrome (Lynch Syndrome). Central to its pathogenesis is a colorectal epithelium which is prone to errors in DNA repair due to mutations of mismatch repair genes. Genes associated with DNA repair include MSH2, MLH1, PMS2, PMS1 and MSH6 [33] [34] [35] . These genetic mutations are germline mutations and therefore are present early on in subjects affected by the nonpolyposis colorectal cancer syndrome. Somatic mutations of the MLH1 and MSH2 genes have been described in sporadic tumors and in these cases seem to develop late in tumorigenesis [36] . Recently, mutations affecting the type II TGF-β receptor (TGF-β RII) have been described in sporadic, hereditary nonpolyposis colorectal cancer and ulcerative colitis-associated neoplasms. These mutations may result in MSI and are discussed in more detail in the following section [37, 38] .
Transforming growth factor beta II receptor mutations. Tumor growth factor beta (TGF-β) is a family of ligands that exert strong antiproliferative and pro-apoptotic effects in nontransformed human colon epithelium [39] [40] [41] [42] [43] . The TGF-β receptor is a heterodimeric receptor complex conformed by two subunits, RI and RII [40, [44] [45] [46] [47] [48] [49] [50] . TGF-β signaling occurs through TGF-β binding to its receptor complex which results in phosphorylation of Smad2 and Smad3, followed by their association with Smad4, and subsequent translocation of this complex into the nucleus, ultimately resulting in the modulation of the expression of a number of genes [45, [49] [50] [51] . The end result of this process is growth inhibition and promotion of programmed cell death. A large proportion of human cancers display functional resistance to TGF-β inhibitory effects. Approximately one-third of this resistance occurs as a consequence of mutations of the RII component of the TGF-β receptor. In vitro studies suggest that RII functions as a tumor suppressor. When wild type RII is reintroduced into an RII mutant colon cancer cell line by infection with an RII retrovirus, 90% of tumor colony formation is suppressed [51] .
A large proportion of RII mutations occur within the RII coding region polyadenine repeat sequence (BAT-RII) [52, 53] . Human colon cancers with altered base-base mismatch repair function, commonly display inactivation of RII tumor suppression function through genetic changes affecting BAT-RII [52, 53] . Fifteen percent of sporadic human colon cancers display MSI as a consequence of loss of mismatch repair function [54, 55] . This seems to occur through the silencing of mismatch repair genes via promoter hypermethylation. An alternative pathway of human colorectal carcinogenesis has therefore emerged in which silencing of mismatch repair function, through the hypermethylation of genes that participate in the DNA base-base mismatch repair system (such as hMLH1), promotes mutations in the BAT-RII segment effectively targeting the RII tumor suppressor for inactivation. These mutations seem to occur at the transition stage between adenoma and carcinoma [56] . Functional resistance to TGF-β has also been demonstrated in colon cancers without TGF-β RII mutations. These cases presumably have mutations on postreceptor elements of the TGF-β signaling pathway [56] . TGF-β signaling is therefore a crucial pathway in human colon carcinogenesis. Recent in vitro data suggests that hMLH1 gene expression can be reconstituted after treatment with the demethylating agent 5-azacytidine, suggesting that these kinds of agents may have some promise as colorectal chemopreventives [56] .
III. Preclinical models of colorectal carcinogenesis
The development of well-characterized preclinical models of colorectal carcinogenesis has played a critical role in the process of screening and selection of agents deserving further clinical study. Systems have been developed to study the effects of putative chemopreventive agents on the modulation of relevant mechanistic pathways associated with carcinogenesis (in vitro systems) or to evaluate their overall effects in complex organisms that try to emulate environmental carcinogenesis (animal models of chemical carcinogenesis) or genetic predisposition syndromes (genetically modified rodent models). In this review we will focus our discussion on aberrant crypt foci (ACF) and on animal models of carcinogenesis.
III.A. Aberrant crypt foci
The smallest recognizable histopathologic evidence of colorectal epithelial carcinogenesis is the ACF or microadenoma. ACFs are lesions consisting of large, thick crypts seen in methylene-blue stained specimens of colon, originally found in mice treated with azoxymethane (AOM) [57] . In humans, two types of ACF are observed after methylene blue staining of whole mount mucosa preparations: hyperplastic foci (hypercellullar but normal appearing cells) and dysplastic foci (contain dysplastic cells similar to those found in adenomas) [58] [59] [60] . Hyperplastic lesions commonly contain K-ras gene mutations, rarely contain APC mutations [61] [62] [63] , and are unlikely to progress to neoplasia. For several reasons, dysplastic lesions are thought to be precursors to adenomas. Numerous dysplastic ACFs are found in familial adenomatous polyposis patients [64] . Moreover, the occurrence patterns of ACF and their response to chemopreventive interventions parallel those of adenomas and carcinomas in rodent carcinogenesis models [57, [65] [66] [67] . Dysplastic human ACFs contain APC mutations, cellular hyperproliferation to the top of the crypt, and disruption of p21/Ki67-hMSH2 crypt compartmentalization, all features common to adenomas [59, 61, 63] . Finally, carcinoma in situ has been documented in human ACF [64] . Takayama et al. [62] reported that the prevalence of dysplastic ACFs in the rectosigmoid was 5.1%, 13.8% and 52.1% in normal subjects, those with prior adenomas, and those with prior carcinoma respectively. Siu et al. [68] reported dysplasia in 48% of rectosigmoid ACFs but do not describe the pathologic diagnoses associated with their samples. The data to date suggest that dysplastic ACFs may have a potential role as early pathologic surrogate endpoints for colorectal cellular transformation; however, the evidence is not conclusive. Rather, ACFs represent an excellent early pathologic surrogate to assess in rodent models and, potentially, in humans.
III.B. Animal models of chemical carcinogenesis
Animal models represent a pivotal step in the efficacy evaluation of chemopreventive agents. Chemical carcinogenesis rodent models provide reproducible development of tumors in the intestinal epithelium of rodents that have been exposed to a chemical compound which acts as an initiator or a combination of two chemicals that act as initiator-promoter pairs. These models have been most extensively used as pre-clinical in vivo platforms for efficacy testing of chemopreventive leads. Frequently used chemical carcinogens include dimethylhydrazine (DMH), AOM, methoxymethane (MAM) and N-methyl-N-nitro-Nnitrosoguanidine (MNNG) [69, 70] . Most of these compounds act through methylation of DNA nucleosides (primarily guanine) which eventually results in critical DNA mutations [71] . Dimethylhydrazine undergoes conversion to AOM and azoxymethanol which are subsequently conjugated with glucuronic acid and excreted in the bile. Bacterial hydrolysis occurs once the conjugated carcinogens reach the intestinal lumen but is not essential to their tumorigenic effect. A number of variables such as the dose, route and timing of carcinogen administration, the species of rodent being used and the age of the animal at the time of injection can be manipulated to provide the investigator with some control over critical features in the model. These features that can to some extent be controlled include latency period, development (or lack thereof) of extracolonic tumors (large bowel specificity) and tumor distribution [72] [73] [74] . Molecular characterization of some of these models is presently an area of active inquiry. AOM induces changes in the rodent intestinal mucosa that closely replicate, histologically, the adenoma-carcinoma sequence in humans [75] .
Chemical carcinogens are also capable of inducing some of the molecular changes that are commonly seen during human carcinogenesis. APC mutations have been described in experimental colorectal carcinogenesis induced by AOM in F344 rats, but seem to occur less frequently in this model than in humans [76, 77] . A substantial body of literature supports the presence of K-ras mutations in the AOM model [78] [79] [80] [81] . Mutations of p-53, however, do not seem to be involved in the development of colon cancer induced by AOM in the rat [82, 83] . Other pathways which seem to play important roles during both human and rat colon (chemical) carcinogenesis include the constitutive activation of the Wnt-signaling pathway, altered expression of cyclin D1 and cyclin-dependent kinase 4 (Cdk4) and others [84, 85] . MSI has also been described in AOM-induced rodent cancers although seems to occur with much less frequency than in humans [86] . Chemically-induced carcinogenesis in rodents and human carcinogenesis are not identical. However, since AOM-induced rat colonic neoplasms are similar to human colonic tumors in their histological features and proliferation characteristics, and given some of the molecular parallels that exist between rodent and human carcinogenesis, these models are usually regarded as relevant tools for preclinical in vivo testing of new chemopreventives.
III.C. Genetic models
Single and multiple gene knock out and genetic mutational rodent models provide new and important insights into the carcinogenesis process of colonic epithelium. A mouse pedigree derived from treatment with N-ethyl-N-nitrosurea (ENU) causes a mutated APC resulting in a truncated protein similar to those found in humans (Min + ) [87] . The mutated gene displays full penetrance and is dominantly expressed [88] . Genes that act as modifiers of tumor number have also been demonstrated and designated as Modifiers of Min or 'Mom' genes [89] . Min + mice are increasingly being used as chemopreventive agent screening platforms. For example, Cox-2 inhibitors reduce but do not totally eliminate adenomas in these mice [90, 91] .
While highly attractive experimental and mechanistic models, genetically induced mutations in APC have not created an animal that is realistically close to human carcinogenesis. Although these models develop intestinal neoplasms with a histologic sequence similar to that observed in intestinal tumors of humans, the latency time for the development of these neoplasms if very short compared to human lifespans. Moreover, the neoplasms occur primarily in the small intestine not in the colon and are submucosal, not polypoid. Adenomas and carcinomas in the Min + mice do not display common mutational events found in human tumors such as ras and p53 mutations [92] . These findings suggest that APC mutations may be a common early event in human and genetically-modified rodent carcinogenesis; but subsequent mutational events play equally important roles in the phenotypic expression of carcinogenesis in sporadic human tumors. These differences require investigators to approach chemopreventive efficacy data from genetically modified rodent models with caution.
IV. Surrogate endpoint biomarkers for colon cancer chemoprevention
Since the process of colorectal carcinogenesis can take years to decades, assessment of clinical chemoprevention trials using cancer incidence as an endpoint would require extended follow-up periods and very large sample sizes. Given the large number of agents with chemopreventive potential currently under development, it is not feasible to use cancer incidence reduction or large polyp prevention clinical trials as a primary method of assessing preventive agent efficacy in humans. A solution to this problem involves the design and implementation of short duration, limited cohort human trials of potential chemopreventive agents that use surrogate markers of carcinogenesis, biological or morphologic events, in lieu of the actual cancer [93] .
An ideal biomarker would demonstrate variability of expression across the different carcinogenic stages, detectable early in the carcinogenesis process, and linked to the occurrence of precancer or cancer. A chemopreventive agent can modulate this ideal biomarker and the degree of modulation reflects the efficacy of the agent. The modulation of the precancerous stage should result in predictable changes in the ultimate endpoint of interest: cancer incidence.
Very few if any of the biomarkers currently available or in use meet all or most of these criteria [94] . Many promising SEBs for colorectal cancer chemoprevention are currently being evaluated [95] ( Table 1) . A surrogate marker may be associated with a specific phase of carcinogenesis and/or it may be mechanistically linked to the mode of action of the agent being evaluated. SEB currently under evaluation include pathologic markers (adenomatous polyps), functional cellular biomarkers (proliferation, apoptosis and differentiation), biochemical markers (enzymatic function and their metabolites), and molecular as well as genetic markers.
Biomarkers must be validated prior to use in chemoprevention clinical trials. Validation procedures are step wise and consist of the following:
Stage 1 -Preliminary clinical biomarker characterization:
In order to interpret future data and to appropriately design subsequent validation trials, clinical characterization of a biomarker is necessary: within-day and between-day variability, variability within subjects and among subjects as well as gender differences.
Stage 2 -Cross sectional case-control screen with model construction: This is a case-control sample. Biomarkers are measured from subjects with and without neoplasia. The data are analyzed in a linear model for predictive efficacy. A logistic regression model may be used to create a clinical prediction rule.
Stage 3 -Observational longitudinal study: This study focuses on temporal associations and prediction of future clinical events. The design follows up highrisk people for a clinical endpoint using baseline biomarker measurement as well as serial measurements of biomarkers over time. Changes in biomarkers are associated with the clinical event. The data are analyzed using linear models and predictive efficacy. 
IV.A. Pathologic biomarkers
These group of biomarkers refer to histological lesions that are amenable to modulation by a chemopreventive agent. Adenomatous polyps have received substantial attention as pathologic biomarkers of colorectal cancer. Results from the National Polyp Study suggest that the majority of invasive colorectal adenocarcinomas pass through the adenoma stage prior to transformation and invasion. Adenoma resection is associated with a 70% decrease in the incidence of infiltrating colorectal neoplasms [96] . Furthermore, the relatively high recurrence rate of these lesions in a short period of time after their removal (up to 50% in 2 years), makes them useful and practical endpoints to be used in efficient and short biomarker-driven clinical studies [97] . Given the National Polyp Study data, it is not surprising the many observers consider prevention of adenoma recurrence as sufficient evidence of chemopreventive efficacy to permit drug labeling and marketing [98] . Such a position remains controversial, with many believing that invasive adenocarcinomas of the large bowel may occur without a polypoid dysplastic stage. The recent interest in flat adenomas with dysplasia supports the position that flat dysplastic lesions commonly occur in the colon [99] [100] [101] [102] [103] . The lesions may predict for more aggressive behavior than standard polypoid lesions, are commonly missed on routine endoscopies in North America, and may represent a form of dysplasia in the colonic epithelium without the classical polypoid adenoma.
IV.B. Biochemical biomarkers
These SEBs refer to biochemical events in the target cell, which may be modulated by a chemopreventive compound. Usually, they are closely related to the mechanism of action of the agent under study.
A possible strategy for their initial evaluation may involve looking at how well their modulation correlates with favorable effects on a pathologic or on a cellular marker. Good examples of these kinds of biomarkers include the measurement of biochemical events associated with COX activity, lipooxygenase (LOX) activity and polyamine metabolism [104] [105] [106] [107] . They may be useful as pharmacodynamic endpoints in Phase I chemoprevention studies. In principle, dose selection in early human chemoprevention studies should not be guided only by safety considerations, but also the lowest 'bioefficacious' dose should be sought whenever possible because chemopreventive interventions may be used for life in populations that are for the most part healthy [108] .
IV.C. Cellular markers IV.C.1. Markers of proliferation and differentiation
A number of assays have been developed to measure cellular proliferation (e.g. labeling indices using tritiated thymidine, bromodeoxyuridine [BrdU] , proliferation cell nuclear antigen [PCNA], Ki67) [95, 109] .
Interventions that reduce proliferation have been considered to retard or halt the process of cancer genesis. However, this assumption may not necessarily be true. Cellular differentiation is evaluated through the expression (or lack thereof) of markers that reflect proper epithelial maturation. Propensity towards an undifferentiated phenotype is characteristic of neoplastic processes. Molecules that are expressed in a fully differentiated epithelial cell may then be used as a marker of the pro-differentiating effects of an intervention. For example, Dilidros biflorus agglutinin (DBA) which labels mucin in goblet cells has been used as a marker of differentiation. Undifferentiated phenotypes are associated with failure of oligosaccharide synthesis and a decrease in DBA staining [110] . Reduced staining has been documented in colon adenomas and cancers as well as some familial colon cancer syndromes [111] .
IV.C.2. Markers of apoptosis
Normal colonic epithelial homeostasis requires a proper balance between cell proliferation and programmed cell death [112] . Failure of apoptotic function is characteristic of neoplastic phenotypes and may play a role in tumor progression [113] . A number of biochemical and genetic changes have been associated with inhibition of apoptosis. An example relevant to chemoprevention of colorectal malignancy involves the association between COX-2 overexpression and failure of apoptosis [114] . Furthermore, modulation of COX-2 enzymatic activity may result in reconstitution of apoptotic capability. Quantitation of apoptotic endpoints in colonic epithelium has been difficult. Many investigators including ourselves have not been able to detect fragmented DNA in situ characteristic of the apoptotic endpoints as measured by TUNEL immunohistochemistry. TUNEL positive cells account for less than 1% of all rat colonic epithelial cells in the normal colonic crypt, a surprise finding considering that the apoptotic program is activated as colonic crypt cells senesce at the top of the crypt [115] . Other methods of detected apoptotic activity in human colonic crypts (flow cytometry, caspase induction, Bcl-2/Bax ratio) have not been sufficiently explored to be useful as reproducible biomarkers of apoptosis in the human colonic crypt. Apoptosis indices using TUNEL have proven useful biomarkers in human adenomatous polyps [116] . Apoptotic endpoints as biomarkers for chemopreventive activity in morphologically normal human colonic epithelium, while of interest and potential importance, remain unvalidated.
IV.D. Molecular markers
Critical components of signal transduction pathways may theoretically be used as surrogate markers in chemoprevention if linked in some form to epithelial carcinogenesis [95] . Cell cycle regulators such as cyclin D proteins are a good example. Rodent epithelial cells engineered to overexpress COX-2 display increased levels of cyclin D1 and delayed G1 progression. Cyclin D1 overexpression may increase the number of cells in S-phase. Treatment with nonsteroidal antiinflammatory drugs (NSAIDs) may promote cell cycle suppression through the modulation of COX-2 expression. Thus, cyclin D1 is a reasonable candidate for further validation as a surrogate marker [117] . The pathways associated with prostanoid metabolism and signaling are probably the ones that have received the most attention in colorectal cancer chemoprevention. As our understanding of the relationship between the metabolism of polyunsutared fatty acids and carcinogenesis has improved, a number of new molecular targets have emerged [118, 119] . A good example relates to prostaglandin E 2 (PGE 2 ) signaling. PGE 2 has been implicated in epithelial carcinogenesis. We now know that there are at least four different membrane prostanoid receptors that mediate PGE 2 signaling: EP1, EP2, EP3 and EP4 [119] . Knockout mice deficient in each of these receptors have now been developed and are helping to improve our understanding of downstream events to COX function that may more specifically relate to cancer genesis. EP1-deficient mice exposed to the carcinogen AOM demonstrated increased resistance to the development of ACFs, an early step in rodent colorectal carcinogenesis [120] . These protective effects suggest that signaling through EP1 is critical to the permissive effects of PG on colorectal carcinogenesis. Molecules involved with EP1 signaling or EP1 itself may then become surrogate markers of the anticarcinogenic effects of agents that target prostanoid metabolism as well as more specific targets for the development of novel chemopreventive approaches. Furthermore, we now know that the protective effects of NSAIDs may not only relate to inhibition of COX but to the modulation of LOX. LOX enzymes metabolize arachidonic acid into diverse and multifunctional metabolites. Some of these pathways seem to be procarcinogenic (5-, 8-and 12-LOX) and others seem to display protective effects against carcinogenesis (15-LOX-1 and 15-LOX-2). This new information suggests that when LOX activity is being modulated with a chemopreventive intent, close attention needs to be paid to the balance between procarcinogenic and anticarcinogenic LOX effects [118] . Thus, as signaling pathways involved with carcinogenesis are better known and their critical molecular components identified, our opportunity to develop novel, more specific and better biomarkers will also increase.
IV.E. Genetic biomarkers
As our understanding of the genetic changes associated with human colon tumorigenesis increases, so does our opportunity to develop novel targeted interventions. These therapeutic approaches would be directed towards the modulation of critical genetically determined molecular abnormalities. Assays can then be established and validated to measure some of these pathways, which may serve as surrogate markers of therapeutic bioactivity. Furthermore, genetic abnormalities associated with the initiation or progression of colorectal carcinogenesis involves the development and expansion of premalignant clones that may be defined and quantified through the detection of specific mutations. The ability of chemoprevention agents of inducing clearance of abnormal clones thus identified can then be used a surrogate marker of bioactivity. Using PCR-based methods, it is now possible to qualify and quantify critical mutations not only in tissue but also in exfoliated cells present in body fluids such as urine, respiratory secretions and feces. These measurements would have clinical value only if they correlate with favorable changes in the actual epithelium at risk. Preclinical in vivo data generated using rodent models of chemical carcinogenesis suggest that these approaches may have some promise. For instance, difluoromethylornithine (DFMO) a chemopreventive agent thought to work through the modulation of the enzyme ornithine decarboxylase (ODC) can block the expression of K-ras [121] . NSAIDs have been shown to decrease the expression of p53 and K-ras on preclinical models of carcinogenesis [122] . These changes presumably occur through the elimination of premalignant (or malignant) clones. An increasing body of literature suggests that mutations and other structural changes of DNA such as deletions or amplifications offer only a partial view into the events that modify gene expression. The methylation of gene promoters has been shown to have a critical impact on gene transduction. In fact, DNA methylation is now recognized as one of the most common abnormalities in human neoplasms [123] . CpG dinucleotides have substantial biological properties and are excellent substracts for DNA methyltransferase [124] . Approximately 70% of cytosines (in CpG dinucleotides) present in human DNA undergo methylation. CpG islands (CPI) are formed by the enrichment of segments of DNA with a large number of CpG dinucleotides (0.5-2 kB long). CPIs are found in the 5 region of a large number of genes [124] . Young individuals display CPIs that are for the most part unmethylated [124] . CpG islands in promoter regions need to be in an unmethylated state in order to allow the involved genes to remain in an actively transcribed (or transcription-ready) state [125] . There is ample evidence that support hypermethylation of CPIs as a common mechanism causing inhibition of gene expression [126] . The mechanism by which hypermethylation impairs gene transcription is not totally clear. It has been postulated that hypermethylation may interfere with binding of transcription complexes to specific regulatory segments of DNA. This is possible as many transcription factors have GC-rich binding sites as well as CPIs in their DNA recognition elements [127] . An alternative mechanism suggests that methylation may induce changes in the nucleosome core that result in interference with gene transcription. Histone hyperacetylation plays an important facilitating role in DNA transcription. Hypermethylation may induce changes in the composition of DNA in terms of content of hyperacetylated histones affecting gene transcription and functionally inducing gene silencing [128] . Hypermethylation seems to play an important role in the inactivation of a number of tumor suppressor genes involved in colorectal carcinogenesis. Inactivation of p16 INK4a , hMLH1 and APC genes by hypermethylation has been described in colonic cancers [129] [130] [131] . The proportion of hypermethylation of the APC gene in premalignant as well malignant lesions of the colon is the same (approx. 18%) [131] . Ample experimental data supporting hypermethylation as an important mechanism of inactivation of other relevant tumor suppressor genes in colorectal cancer has been reviewed elsewhere [132] . Hypermethylation is a crucial component of carcinogenesis. This component may be therapeutically targeted and exploited as biomarkers of carcinogenesis progression [133] .
V. Promising agents for colorectal cancer chemoprevention
Here, we review some of the most promising dietary and pharmacological compounds currently under evaluation for the chemoprevention of colorectal malignancies (Table 2) . This is not meant as a comprehensive evaluation of potential chemopreventive agents. Rather, we have selected the more promising agents and approaches for review.
V.A. Nonsteroidal antiinflammatory drugs
Epidemiology. In the majority of multiple populationbased case-controlled studies, aspirin has repeatedly been found to confer a 50% reduction in risk of occurrence of colorectal cancer [134] [135] [136] [137] . The largest study consisted of 662,424 North American adults evaluated over a 7-year period (1982-88). On multivariate analyses, a significant relationship between the use of low doses of aspirin and decreased risk of colorectal cancer was demonstrated [135, 136] .
While not all studies have demonstrated a connection between aspirin intake and colorectal cancer risk reduction [138] , there is strong evidence for an association between aspirin use and colorectal risk reduction.
Animal models. Colonic tumorigenesis induced by 1,2-dimethylhydrazine (1,2-DMH) or its metabolites methylazoxymethanol and AOM can be suppressed by treatment of rats with NSAIDs, the most work has been completed using indomethacin and piroxicam [139] [140] [141] [142] , but many other NSAIDs including sulindac, ibuprofen and ketoprofen have been shown to be chemoprotective in both tumor endpoint and the shorter term ACF assay studies [143, 144] . Aspirin at 40% and 80% of maximum tolerated dose administered in the diet of AOM treated male F-344 rats caused significant suppression of colonic mucosal PGE 2 levels and was associated with inhibition in the incidence and number of these tumors [145] . These drugs act, at least in part, during the promotion phase of carcinogenesis, in that most of the chemopreventive activity is retained if piroxicam is started as late as 14 weeks after carcinogen administration [143] . Selective cyclooxygenase-2 inhibitors, are potent colonic chemopreventive agents in rodent models [146, 147] . The rodent model data provide a strong and consistent body of information supporting the study of NSAIDs as colorectal carcinoma chemopreventives.
Human studies. Many human studies using a variety of NSAIDs have been conducted to date. Patients with familial adenomatous polyposis have been an obvious at-risk group which has been targeted in some of these studies. Three of these studies were small, randomized clinical trials in which sulindac was administered. Altogether, a total of 45 FAP patients were treated on these studies, and the administration of [148] [149] [150] . A fourth placebocontrolled randomized clinical study was reported by Steinbach and coworkers, in which a COX-2 inhibitor (celecoxib) was tested at two different dosing schedules (100 mg twice daily and 400 mg twice daily). Subjects were treated for a total of 6 months. Treatment with the lower dose resulted in a decrease in the number of polyps by 12% from baseline and did not reach statistical significance. Celecoxib at the highest dose was able to reduce the number of polyps by 28% from baseline. This reduction was statistically significant (P = 0.003) [151] . Baron et al. have recently reported that aspirin reduced sporadic adenoma recurrence at a dose of 81 mg daily. This preliminary report remains to be published at the time of this publication. These provocative data suggest that NSAIDs are likely to play some role in prevention of colorectal cancer. However, at this time, the magnitude of the beneficial effect and the risks of chronic intake of NSAIDs over a long period of time do not seem sufficient to endorse NSAIDs as a colorectal cancer chemopreventive in individuals at risk for sporadic cancers. While COX-2 inhibition has demonstrated chemopreventive activity in human subjects with familial adenomatous polyposis, the effect is modest and does not replace frequent screening. Moreover, new cases of colorectal cancer have been reported in FAP patients undergoing chemopreventive treatment with NSAIDs [152] . The beneficial effects of NSAIDs and COX-2 inhibitors on polyp formation are transient and disappear soon after drug withdrawal [153] . This suggests that chemopreventive approaches that modulate COX may need to be maintained for life in order to be efficacious in this patient population.
V.B. Dietary multimechanistic compounds
Ample epidemiologic information supports the notion that diets rich in fruits and vegetables are protective against a variety of cancers, including colorectal neoplasms [154] . Based on this information, a number of investigators have attempted to identify the specific compounds in diet that concede protection. Interpretation of observational epidemiologic studies is difficult, as micronutrients and other dietary components are consumed in the form of more complex dietary elements (whole fruits or vegetables), which contain a variety of other substances which could conceivably display chemopreventive properties. Nutritional science has made some progress in the development of improved tools for the estimation of specific micronutrient ingestion, derived from complex dietary information. These tools have allowed the study of protective associations between specific dietary components and cancer occurrence. Unfortunately, substantial methodological problems still remain and further refinements of these methods are still needed [155] . The epidemiologic data derived from patterns of dietary consumption, should be regarded as hypothesis generating, and must be subjected to proper scrutiny in well-designed preclinical and clinical experiments. A large number of specific compounds have been identified through epidemiological techniques as possible colorectal cancer chemopreventives. Many of these compounds have been subjected to stringent preclinical and clinical evalution, and some of them will be presented in this review.
V.B.1. Calcium
Epidemiology. Epidemiological data regarding the association between calcium ingestion and colorectal cancer (or adenoma) risk have varied. A number of case-control and cohort studies have suggested that increase intake of calcium and of vitamin D may be associated with a protective effect. However, other studies have not clearly supported this association. The Iowa Women's Health Study investigated whether a high intake of calcium, vitamin D or dairy products protected against colon cancer. In this report, data obtained from a prospective cohort study of 35,216 Iowa women over 55 years of age who had completed a dietary questionnaire in 1986, was analyzed. The association between dietary calcium, vitamin D and the incidence of colorectal cancer was studied. The relative risks (RR) observed for the highest quintile of intake as compared with the lowest were 0.52 (95% confidence interval (CI) 0.33-0.82) for calcium and 0.54 (95% CI 0.35-0.84) for vitamin D. However, when incorporated into a multivariate model the trends lost statistical significance and the RR were attenuated [156] . Tseng et al. evaluated the association between a number of micronutrients (folate, calcium, iron and antioxidant vitamin) and the risk of colorectal neoplasia. In this study, a reduced risk of adenomas was confined to men in the highest calcium quartile [157] . The associations between fermented dairy products, calcium intake and risk of colorectal cancer were evaluated in a population with a wide variation in intake of dairy product that participated in the Netherlands Cohort Study of diet and cancer, through a case-control study that analyzed data obtained from 215 incident cases of colon cancer and 111 of rectal cancer, after 3.3 years of follow-up. In crude and multivariate models, total dietary calcium intake (highest vs. lowest quintile, RR 0.92, 95% CI 0.64-1.34) and calcium from fermented dairy products (RR 1.14, 95% CI 0.77-1.68) were not significantly associated with colorectal cancer risk [158] . The association between colorectal adenomas and diet were evaluated in subjects participating in the Nottingham fecal occult blood screening program. In this study, a diet history was obtained from 147 patients with colorectal adenomas and 153 age and sex matched fecal occult blood (FOB)-negative and 176 FOB-positive controls. No association was seen between calcium intake and adenoma protection [159] . Two additional case-control studies evaluated the association between regular usage of supplementation with vitamin A, C, D and E, or with calcium or multivitamins and the risk of developing colorectal adenomas (new or recurrent). No protective effect was documented for any of the studied variables [160] . Bergsma-Kadijk et al. [161] provided a quantitative summary of a large number of epidemiological studies (24 articles reporting 43 measures of RR) addressing the hypothesis of colorectal neoplasia protection by dietary calcium. The weighted mean using a random effects model revealed a RR of 0.89 (95% CI 0.79-1.01). Results obtained from different studies showed substantial heterogeneity with the 'true' RRs falling between 0.50 and 1.60. Summary RRs for cohort and case-control studies were 0.90 and 0.88, respectively. Summary RRs for adenomas and carcinomas were also reported, and calculated at 1.13 (95% CI 0.91-1.39) and 0.86 (95% CI 0.74-0.98), respectively. Overall the epidemiological data on calcium intake is quite heterogeneous, suggesting a very modest beneficial effect at best.
Mechanism and preclinical data.
A number of mechanisms have been postulated in order to explain the putative chemopreventive effect of calcium in the gut. Calcium may act through the binding of bile and fatty acids in the intestinal lumen and decreasing exposure of the large bowel epithelium to these substances. Bile and fatty acids may display toxic effects to the colonic epithelium which may result in primary increases in cell proliferation or alternatively in compensatory hyperproliferation secondary to repair responses [162] . In either case, increased proliferation may ultimately lead to carcinogenesis of the colonic epithelium. Calcium may also act through the induction of terminal differentiation of colonic epithelial cells [163] . In preclinical in vivo studies using rodent models of chemical carcinogenesis (promoted by high fat diets), calcium administration was associated with a protective effect against colorectal carcinogenesis (decrease proliferation and decrease tumor formation) [164] .
Human studies. Some but not all the clinical studies have demonstrated an anticarcinogenic effect as a result of calcium supplementation. Lipkin et al. studied the frequency and distribution of proliferating epithelial cells lining the colonic crypts in 10 subjects at high risk for familial colon cancer. The patterns of cell proliferation were evaluated before and after supplementation of their usual diets with 1.25 g of calcium as calcium carbonate. After 2 to 3 months of calcium supplementation, the investigators found a substantial reduction in epithelial proliferation indicating a beneficial effect [165] . The results of three clinical trials were reported by Wargovich et al. These small studies evaluated the effect of calcium supplementation (calcium carbonate) on rectal epithelial proliferation in subjects with history of sporadic adenomas. In 6 participants, 3-month supplementation with 1500 mg of calcium carbonate failed to suppress proliferation in normal appearing mucosa (thymidine labeling). A daily dose of 2000 mg was, however, associated with a substantial reduction after 30 days. A small randomized placebo-controlled study of calcium was then conducted and revealed a marked suppression of rectal proliferation with calcium administration [166] . A randomized doubleblinded, placebo-controlled study of supplemental calcium was conducted in familes with hereditary nonpolyposis colorectal cancer. A total of 30 subjects participated in the study. Study participants received 1.5 g of calcium carbonate or placebo three times a day for a total of 12 weeks. No substantial differences were seen in epithelial cell proliferation determined by labeling index of whole crypts and crypt compartments by 5-bromo-2 -deoxyuridine [167] . Thirty-one patients with familial polyposis, after subtotal colectomy, were randomized to placebo or to supplementation with 1200 mg of calcium daily. The intervention was given for 9 months, and the patients underwent evaluations that included food questionnaires, measurement of fecal pH as well as calcium and bile acid content. Rectal biopsies were also obtained and assessed for epithelial proliferation using thymidine labeling. Fecal pH, weight and bile acid levels were similar before intervention and remained unchanged. Fecal calcium levels were similar before the intervention in both groups but progressively increased in the calcium group. No substantial differences were observed in rectal epithelial proliferation between the two groups [168] . A randomized placebo-controlled study reported no effect of calcium supplementation on rectal mucosal proliferation in patients with previous large-bowel adenomas [169] . The effects of calcium supplementation on bile acid content have been evaluated clinically. Two different studies documented beneficial calcium-induced changes in bile acid composition, which were characterized by a decrease in total as well as secondary bile acids levels in feces [170, 171] . A recently completed randomized placebocontrolled phase III study has been reported by Baron et al. In this study, 930 patients with a history of colorectal adenomas were randomized to receive 3 g of calcium carbonate (1200 mg of elemental calcium) or placebo [172] . A moderate (20%) but statistically significant reduction in the incidence of new adenomas was seen in the cohort receiving calcium supplementation. Overall, the beneficial effects of calcium on colorectal carcinogenesis seem to be modest.
V.B.2. Fiber
Epidemiology. Fiber is another dietary component that has received substantial attention as a possible chemopreventive agent against colon cancer. Ecological studies reported in the 1970s suggested that colorectal cancer incidence in selected populations may relate to the composition of their diet, with diets containing high fiber content being protective [173, 174] . The epidemiology of fiber and colon cancer protection is extensive and has been reviewed elsewhere [175] .
Mechanisms. It was postulated that dietary fiber may exert protective effects through a number of mechanisms. Increased fiber content may result in the dilution of potential dietary carcinogens through the promotion of increase fecal bulk [174] . Fiber may also bind bile acids, which may be carcinogenic, and may also indirectly affect bile acid conversion in the large bowel from primary to secondary bile acids by inducing a more acidic environment due to its increased bacterial fermentation in the gut [176, 177] . Furthermore, increased delivery of the fermentable component of fiber (also known as 'resistant starch') to the large bowel lumen, results in the increase production of short-chain fatty acids through its fermentation by bacteria present in the gut [178] . Short-chain fatty acids such as butyrate may have anticarcinogenic effects in the colorectal epithelium [179] .
Human studies. Although a number of case-control studies and at least two meta-analyses have suggested a protective effect for dietary fiber, most of the presently available cohort and randomized studies do not support this hypothesis [180] . A study conducted by the Phoenix Colon Cancer Prevention Physicians' Network accrued 1429 patients with a history of resected adenomas and randomized them to two different levels of daily wheat bran supplementation (2.5 g vs. 13.5 g) [181] . No differences in adenoma recurrence rates were found between the two groups. The second study, the Polyp Prevention Trial, enrolled a total of 2079 participants with a history of colorectal adenomas [182] . The subjects were randomized to an active intervention (dietary counseling coupled with a low-fat, highfiber diet) or to a control group (no counseling plus usual diet). Again, no differences were observed in adenoma recurrence between the two groups at 1 and at 4 years after the initiation of the intervention. Currently, the available prospective and randomized data do not support the hypothesis of colorectal cancer chemoprevention by fiber.
V.B.3. Folate Epidemiology.
Folate is an essential element in the human diet that plays important biological roles. Folates participate in the regeneration of methionine and are involved in the production of purines and pyrimidines, which are required for the synthesis of DNA. Inadequate intake of folate may result in abnormalities in DNA synthesis and/or repair as well as in changes in DNA methylation, all of which may predispose to colorectal carcinogenesis. The epidemiologic evidence suggests an association between inadequate intake of folic acid and colorectal cancer occurrence. The relationship between folate status and colorectal cancer was evaluated in a case-control study nested within the Alpha-Tocopherol Beta Carotene Study cohort of male smokers 50-69 years of age. Serum folate was measured in 144 incident cases (colorectal cancer) and in 276 age-and clinic-matched controls. The time of blood collection was the same between the groups. Baseline dietary folate information was available from a food questionnaire for 92% of these men. No statistically significant association was seen between serum folate levels and colorectal cancer. The results of dietary intake of folate proved protective. The odds ratios were as follows: 0.40 (95% CI 0.20-1.31), 0.16 (95% CI 0.13-0.88) and 0.51 (95% CI 0.20-1.31) for the second, third and fourth quartiles of energy adjusted folate intake, respectively, when compared to the first [183] . The relationship between vitamin supplement used and colon cancer was assessed in another case-control study. Two hundred and fifty-one men and 193 women who had been diagnosed with colon cancer were identified through the Surveillance, Epidemiology and End Results (SEER) cancer registry, and were used as cases. Frequency, duration and dose per day of supplement use was assessed during the 10 years prior to cancer diagnosis, ending 2 years before the cancer was found. The average daily intake of supplemental folate was associated with reduced colon cancer. Other supplements also were associated with protective effects in this study [184] . Additional epidemiologic studies have also suggested a protective effect either singly or in association with other factors such as alcohol [185, 186] . Smaller explorative case-control studies have also found protective effects in cohorts of patients with inflammatory bowel disease. A case control study was conducted in a cohort of patients with ulcerative colitis at the University of Chicago. This study was designed to evaluate the effects of folate supplementation on the risk of dysplasia or cancer in ulcerative colitis patients. Data was collected from records obtained from 99 patients with diagnoses of pancolitis for periods longer than 7 years. Thirty-five patients with neoplasia were compared with 64 patients in whom dysplasia was never found to assess the effect of folate supplementation on the rate of neoplastic development. A protective association (62% lower incidence) was seen with folate supplementation [RR 0.38 (95% CI 0.12-1.20)] [187] . A second case-control study published by the same group was consistent with those findings as it demonstrated an increased risk for dysplasia or cancer in association with depressed RBC folate [odds ratio 0.82 (95% CI 0.68-0.99)] [188] . Thus, the epidemiology of folate use and colon cancer risk supports a protective association. It remains unclear, however, whether folic acid intake above that required to prevent deficiency is associated with additional protection.
Mechanisms. Folic acid and its metabolites 5,10-methylenetetrahydrofolate and 5-methylhydrofolate are critical to proper DNA synthesis. 5,10-methylenetetrahydrofolate is converted to 5-methyltetrahydrofolate by the enzyme methylenetetrahydrofolate reductase (MTHFR). 5-methyltetrahydrofolate then serves as a methyl donor during the conversion of homocystein into methionine by methionine synthase (MS). MTHFR and MS polymorphisms have been described which may be associated with protection against colon cancer in patients with adequate ingestion of folate [189, 190] . Methionine is a precursor of S-adenosyl-methionine, which acts as a major donor of methyl groups in vivo. Decrease production of S-adenosyl-methionine may result in abnormal DNA methylation (hypomethylation) which may contribute to carcinogenesis [191, 192] .
Human studies. Giovannucci evaluated the association between high alcohol plus methyl deficient diets (low folate and low methionine) and colon cancer risk. They analyzed dietary data obtained from a cohort of 47,931 male health professionals. After 6 years of follow-up in this large cohort, 205 new cases of colon cancer were diagnosed and their dietary data was used for purposes of this study. Current alcohol intake was associated with increased risk [RR 2.07 (95% CI 1.29-3.32)] for >2 drinks versus less or equal than 0.25 drinks per day. Folate and methionine intakes were weakly associated with increased risk. However, striking associations were seen for combinations of high alcohol ingestion and low intakes of methionine and folate. The RR for total colon cancer was 3.30 (95% CI 1.58-6.88). These findings suggeted that important interactions existed between alcohol, methionine and folate [193] . Data obtained from another large prospective study, the Nurses' Health Study, suggested that supplementation with high daily doses of folate are protective against colorectal cancer. In this report, higher energy-adjusted folate intake was related to a lower risk of colorectal cancer with a RR of 0.69 (95% CI 0.52-0.93). Risk reduction became statistically significant only after 15 years of use [RR 0.25 (95% CI 0.13-0.51)], suggesting that long consumption times may be required to see an effect and also, that the chemopreventive effect of folate may take place early on during the carcinogenesis process [194] . A few small biomarker-driven studies have also been completed. Kim et al. evaluated the effects of folate supplementation on genomic DNA methylation and DNA strand breaks in exons 5-8 of the p53 gene of the colonic mucosa of 20 patients with adenomas that were randomized to receive folate (5 mg/day) or placebo for 1 year after polypectomy. Biomarker measurements occurred at baseline, 6 months and after 1 year. Folate levels in serum, red blood cells (RBC) and colonic mucosa were also measured. Folate supplementation was associated with increases in serum, RBC and colonic mucosal folate concentrations (P < 0.002). More rapid changes (increase) in methylation were seen in the group supplemented with folate as well as a decrease in the extent of p53 strand breaks. This 'positive' changes were realized at 6 months in the intervention group, although improvement was also seen in the placebo group, but only after a year [195] . Overall these data suggest a possible protective effect for folate in populations at increased risk for colon neoplasms. In addition, although further validation is required, folate supplementation may be of particular interest in patients with long-standing inflammatory bowel disease. We are not aware of any reports of Phase III studies with folate as the main intervention and adenoma recurrence or cancer incidence as the main endpoints.
V.B.4. New nutritionally-derived
chemopreventive agents A number of dietary components have demonstrated interesting chemopreventive activity on a variety of preclinical models of colorectal carcinogenesis. Organic selenium compounds appear to be active colorectal chemopreventive agents. P -methoxybenzyl selenocyanate and 1,4-phenylenebis (methylene)selenocyate are two synthetic organoselenium compounds which demonstrated substantial protective activity on a rat chemical colorectal carcinogenesis model [196] . Two citrus extracts, perillyl alcohol and auroptene have also been found to reduce tumor incidence and multiplicity in chemical carcinogenesis rodent models [197, 198] . The monoterpenoid perillyl alcohol is a metabolic derivative of d-limonene which is present in citrus fruits and other dietary components. Its proposed mode action involves the interference with isoprenylation of small cellular proteins such as p21 ras . The mechanism of action of auroptene is not fully understood but may involve the induction of phase II metabolic enzymes (blocking activity) as well as the interference with polyamine production through the inhibition of ODC. Other interesting leads under development include the xanthine oxidase inhibitor 1 -acetoxychavicol acetate which is present in the seeds or rhizome of Langunas galanga, and the naturally occurring flavonoids diosmin and hesperidin [199, 200] .
Curcumin, a component of turmeric, deserves special attention. This compound has displayed substantial chemopreventive activity in animal models of colorectal carcinogenesis [201] . It may exert its anticarcinogenic effects through a number of potential mechanisms which include the modulation of COX, modulation of LOX, antiangiogenic activity and antioxidant properties [201, 202] . Curcumin's actions on prostanoid metabolism likely involve the modulation of the nuclear factor κB pathway (NFκB). Curcumin has strong antiproliferative effects on established human colon cancer cell models [203] . Preclinical and early clinical pharmacology suggest that curcumin is poorly absorbed through the gastrointestinal tract, making it an attractive compound for use as a chemopreventive of gastrointestinal malignancy [204] . A phase Ia study of a well-defined curcumin preparation is in progress at the University of Michigan and a phase Ib study is in the planning phase.
V.C. Hormones
Epidemiology. Epidemiological data shows a decrease in colorectal cancer mortality in both genders but more substantially in women [205, 206] . [207] . Hormonal differences have been proposed as an explanation for these differences. Hormone-replacement therapy (HRT) in postmenopausal women and its effects in colorectal cancer endpoints have been evaluated in a handful of studies. Post-menopausal use of hormones was associated with a significant decrease in colorectal cancer mortality in the Cancer Prevention Study II with an overall RR of 0.71 [208] . The degree of protection was higher with current use and with continued use for very long periods of time (over 11 years). In the Nurses' Health Study, a protective effect (decrease in colorectal cancer incidence) was documented with current HRT use. The overall reduction in risk was estimated at 35%. Meta-analytical studies support a protective effect with similar (moderate) levels of protection. The Nurses' Health Study also evaluated the effects of HRT on colon adenoma formation [209] . Hormone replacement therapy was protective against the development of large size adenomas, suggesting that estrogen protective effects may occur during the later phases of carcinogenesis (late adenoma stage).
Postulated mechanisms. Estrogen may exert anticarcinogenic effects in the colon through a number of possible mechanisms which include a reduction in the production of secondary bile acids, inhibition of insulin-like growth factor levels or through direct effects on the colorectal epithelium [210, 211] . A recent molecular epidemiological study suggested that modulation of MSI may in part explain estrogen's anticarcinogenic effects [212] .
Preclinical data. A large body of preclinical information has documented the presence of estrogen receptors (ER) in established human cell lines, with a predominance in estrogen receptor beta isoforms [213, 214] . Tumors from patients with primary colon cancers have also shown to express ER [215] . Estrogen analogues as well as selective estrogen receptor modulators (SERMs) have produced substantial inhibition in cell growth of established human colon cancer cell lines in vitro [216] [217] [218] . A number of mechanistic in vitro studies are currently undergoing in order to better elucidate the nature of this effects. These studies have supported the involvement of the ER in the regulation of colon cancer cell growth, and have suggeted that signaling through ER-β may be important [219, 220] . Preclinical in vivo studies have started to look into the effects of estrogenic compounds or SERMs on colon carcinogenesis in chemically-induced rodent models. Ziv et al. studied the effects of tamoxifen on 1,2-dimethylhydrazine (DMH)-HCl-induced colon carcinogenesis in rats. In this study the incidence of DMH-induced colon cancer in rats was reduced by tamoxifen. Whether these effects reflect modulation of estrogen-dependent pathways or were induced through estrogen-independent mechanisms is not clear [221] . Smirnoff et al. reported on the protective effect of estrogen against DMH-induced murine colon carcinogenesis. Tumor multiplicity was significantly decreased by estrogen. In addition, these protective effects were associated with a marked increase in vitamin D receptor (VDR) mRNA and protein expression in normally appearing colonic mucosa. These effects were associated with significant decreases in methylation density of CpG islands in the VDR gene, suggesting that some of the protective effects may relate to reversion of VDR gene silencing. Serum vitamin D and parathyroid hormone levels remained unaffected [222] .
Human studies. To our knowledge there are no reports of prospective human chemoprevention studies of estrogenic modulation in high-risk populations for colorectal cancer.
V.D. Polyamine inhibitors
Mechanisms. The polyamines (spermine, spermidine and putrescin), are essential for normal cell growth. The rate-limiting enzyme associated with the synthesis of polyamines is ODC [223] . A number of factors associated with cellular transformation are known inducers of ODC. In addition, suppression of polyamine production through the modulation of ODC results in cell growth inhibition. ODC and the polyamine pathway seem to have an important role in carcinogenesis and their modulation may be associated with a chemopreventive effect [224] . DFMO is the main representative of a class of compounds capable of inhibiting ODC activity.
Preclinical data. DFMO has demonstrated anticarcinogenic activity in in vitro cell transformation assays as well as in in vivo chemical carcinogenesis models. DFMO is also capable of suppressing cell proliferation in human colon cancer cell models and has displayed inhibitory effects on ACF systems [225, 226] . Protective effects in most of these systems have been associated with profound inhibition of ODC activity and substantial depletion of polyamines. Other agents, that seem to act through multiple mechanisms, may also concede anticarcinogenic protection, partly, through the modulation of polyamine levels in intestinal mucosa. Soy protein-rich diets, for instance, were found to reduce mucosal polyamines in male Wistar rats.
Human studies. A phase I study was completed by Love et al. [227] which reported dose limiting ototoxicity for DFMO with doses greater than 1 g/m 2 . Subsequently, the same group of investigators conducted a placebo-controlled trial of DFMO in individuals at risk for colorectal cancer (personal history of resected adenomatous polyps or strong family history of colon cancer). The main goals were to assess the effects of this compound on polyamine and ODC levels in different segments of the colorectal mucosa and to evaluate the toxicity associated with 1-year treatment. DFMO was administered at 0.5 g/m 2 /day as a single oral dose. Significantly, decreased levels of putrescine and spermidine were found in the rectosigmoid mucosa of individuals treated with DFMO. Similar trends were seen in other anatomical segments (rectum and cecum) but did not reach statistical significance. Modulation of polyamines were observed as early as 3 months after the initiation of DFMO and persisted until the end of the study. The most worrisome side-effect was hearing loss (12.5%). This was both subjectively reported and audiologically confirmed. Given the hearing sideeffects associated with this regimen, the investigators suggested that alternative schedules would need to be evaluated prior to proceeding to phase III studies [228] . A short-term phase IIa trial reported by Meyskens et al. [229] demonstrated that DFMO given at doses as low as 0.10 g/m 2 per day was able to inhibit polyamine production in rectal mucosa after only 1 month. Based on these results a follow-up study was designed in order to establish whether polyamine content in rectal mucosa could be suppressed (without a rebound) for 1 year with doses lower than 0.5 g/m 2 . The investigators concluded that a dose of 0.50 g/m 2 was safe and effective, and they recommended this dose level of administration for use in combination phase IIb or single-agent phase III chemoprevention trials [230] .
V.E. Other agents
Other agents have displayed chemopreventive effects against colorectal carcinogenesis in a variety of experimental systems. These include the dithione oltipraz, the polyphenol ellagic acid, anethole trithione, diallyl disulfide, butylated hydroxyanisole, purpurin, ritin, butyrate, isothiocyanates, phenyl-3-methyl caffeate and other agents. These agents are being evaluated in animal models and some are undergoing phase I testing at this point.
VI. Future directions
Targeted therapeutics. Substantial progress has been made in our understanding of colorectal premalignancy and colon cancer genesis. The molecular genetic models of colorectal carcinogenesis have grown progressively more complex, offering a more detailed albeit incomplete picture of the critical mechanisms that underline the transformation of colonic epithelial cells.
A number of targeted therapies have been developed and are currently being tested in established human malignancies. The demonstration of substantial therapeutic activity associated with the administration of the targeted agent STI-571 in chronic myelogenous leukemia (CML) and in the highly chemotherapyresistant gastrointestinal stromal tumors (GIST), has provided impetus to this new paradigm [231] . The case of CML may be of relevance to chemoprevention, as STI-571 is substantially more active during the early stages of the disease (chronic phases) and its efficacy is compromised as additional molecular abnormalities are acquired by the malignant clone. As Vogelstein et al. had suggested, fewer molecular abnormalities seem to be required for the development of colon premalignancy (adenomas) [8] .
The procurement of new active leads for testing as colorectal cancer chemopreventives will likely involve the redirection of some of the novel targeted agents currently under clinical evaluation in cancer therapeutics for testing as modulators of premalignancy, when mechanistically appropriate. Good examples include the modulators of growth factor receptors, farnesyl transferase inhibitors, modulators of lipooxigenase and inhibitors of angiogenesis. The immunology of colon premalignancy still remains an untapped field in colorectal cancer chemoprevention that deserves attention [232] .
Combination chemoprevention. Given the redundancy of signal transduction regulatory mechanisms in transforming or transformed cells, it is reasonable to believe that a single agent will not be sufficiently active to slow or reverse neoplastic transformation. For this reason, combinations of synergistically active chemopreventive agents are contemplated in the future. An interesting example of a rationale combination of chemopreventive agents might be the combination of a COX-2 inhibitor and an epidermal growth factor receptor inhibitor. Preliminary in vitro data suggest strong synergism between blocking the epidermal growth factor receptor and COX-2 enzyme [233] [234] [235] . EGFR stabilizes COX-2 expression in this model [233, 234] . Indeed, in vivo data demonstrate strong anticarcinogenesis synergism between COX inhibition and EGFR inhibition in chemical carcinogenesis models [236, 237] . Synergistic combinations of NSAIDs and the polyamine inhibitor DFMO are currently under clinical testing [238, 239] . It is reasonable to predict that mechanistically based combinations of chemopreventive agents that target different, yet related signal transduction pathways that control cellular proliferation and apoptosis, offer great promise.
Foodstuffs as chemopreventives. Nature offers a large if not the largest drug procurement potential. Yet, chemoprevention development with nutritional agents has followed two distinct pathways -identifying, isolating, purifying and creating 'drugs' from foodstuffs that appear to be cancer protective in epidemiology studies or diet modification. Chemoprevention trials of micronutrients identified and tested in this manner have been disappointing. Recent data from the Stoner laboratory suggest that foodstuffs can be grown remarkably uniformly from year to year. These food stuffs (strawberries, black raspberries) contain large quantities of micronutrients known to be cancer protective (calcium, ellagic acid, ferulic acid and β-sitosterol). The concentrations of calcium, ellagic acid, ferulic acid and β-sitosterol in lyophilized black raspberries studied by Dr. Stoner's group [240] were 167, 200, 72 and 21 mg/kg respectively in a 10% black raspberry diet. Yet, in similar chemically induced models where inhibition of colon tumors or ACF were observed, the minimum effective concentrations of these compounds were 500, 8,000, 2,000 and 500 mg/kg, respectively [241] [242] [243] . This suggests that low levels of multiple compounds, such as those naturally present in black raspberries and strawberries, may have substantial chemopreventive effects. The use of multiple compounds at low doses, especially with different mechanisms of action, is attractive because it reduces the possibility of toxicity related to large doses of single compounds. As individual food components are tested for chemopreventive activity in model systems, it is logical to look for foods that naturally contain multiple components and to test the effects of a whole food containing them in a single system. Thus, the identification of foodstuffs with chemopreventive properties offers a unique opportunity for simplified multiagent therapy through the administration of well-standardized whole foods (as suppose to purified compounds). Fruits and vegetables when administered whole may help to deliver a number of potentially active chemopreventives in one single intervention. 
